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Introduction
The Constellation architecture will consist of a number of new spacecraft elements, including the Orion crew exploration vehicle, the Altair lunar lander, the Ares family of launch vehicles and destination surface systems, i.e., lunar outpost. Each of these spacecraft elements, shown in figure 1, will need an electric power system (EPS), and those power systems will need to be designed to fulfill unique mission objectives and to survive the unique environments encountered on a lunar exploration mission. All spacecraft require an EPS, to provide the power required by spacecraft systems and, in the case of particular interest: the System Power Analysis for Capability Evaluation (SPACE) model developed at the NASA Glenn Research Center, and the Electric Power Simulation (EPSIM) model developed by Hamilton Sundstrand SLS, Rocketdyne. SPACE has been used extensively to predict how the ISS power system will perform under a wide variety of on-orbit conditions, environments and constraints. Via validation against ISS telemetry, SPACE has been demonstrated to predict currents, voltages and temperatures throughout the EPS within 5 percent of actual performance.
EPSIM, has been used during the design, testing and operational phase of the ISS. It is presently being used in the ISS Space Station Training Facility (SSTF) to model the power system and its associated thermal control system. EPSIM has evolved extensive fault simulation capability to support astronaut and flight controller training for off-nominal conditions. The Mars Exploration Rover (MER) program performed comprehensive lithium-ion (Li-Ion) battery characterization testing to develop an empirical battery model. Flight operation validated the accuracy of this model over a wide range of operating conditions. Similarly, solar array performance algorithms were validated in-flight, along with a tool for load timeline definition.
Still, none of these models can be applied out-of-the-box to the Constellation program, as they were built to meet the specific needs of their programs. The Constellation program seeks to return to the moon, at which exist very different space environments than in low Earth orbit or at Mars. Those differing space environments, such as thermal and radiation, must be added into the models. Also, since the power system components have not yet been designed and tested for the new spacecraft, their performance must be estimated analytically. The possibility of modeling errors is significant without test data against which to vet model results.
This paper describes the process being implemented to make optimum re-use of existing, validated models for Constellation spacecraft, specifically focusing on the most near-term element, the Orion crew exploration vehicle. The unique aspects of the lunar mission that must be implemented in the models is described, and it will be shown that comparison of results from the three different models can serve as one method of validating model predictions before actual test data are available. Table I shows the key mission and vehicle power system design requirements for each Constellation element. Candidate power technologies envisioned to meet these requirements are also summarized. Two of the elements, the Orion Crew Exploration Vehicle and the Lunar Outpost, envision using solar array and battery systems, which are amenable to assessment with the heritage power system models. The Orion power system will break new ground in several key aspects: (1) the first in-space flight operations of an UltraFlex solar array wing (the Phoenix UltraFlex wings were not deployed until after landing on the Mars surface); (2) the first solar array to operate in each of the following unique environments: low Earth orbit (LEO), cis-lunar space, low lunar orbit (LLO) and then cis-lunar space back to Earth; (3) the first solar array wing in U.S. human spaceflight history providing flight-critical power to prevent loss-of-crew; (4) the first solar array wing known to be designed for 3-g class deployed loading; and (5) first use of lithium-ion batteries in the power system for a crewed spacecraft. A solar power system at the Shackleton Crater rim lunar outpost will experience a complex sun lighting environment (ref. 2) during local winter when the sun moves azimuthally low on the horizon. This environment creates dozens of short-lived, sun/shade periods during the course of a single 30 day lunation over which the outpost power system must maintain an energy balance. Many of these Constellation elements are integrated during flight, e.g., the Orion and Altair. As such, interface requirement documents and a "level 2" interface power quality specification (ref. 
Constellation Requirements

EPS Modeling Heritage
Since every spacecraft requires an electric power system, EPS models have been used to predict the performance of spacecraft for decades. Often, those models are built from scratch to support the specific spacecraft, since there are no industry standard tools for space-based power system modeling, and since the power technology, environments and/or mission requirements can vary greatly from project to project. New models take time to develop and validate, however, and it is a great benefit to a project to have a detailed power system model available early in the project design cycle. Constellation is leveraging past model development to bring detailed models on-line quickly.
International Space Station
The International Space Station's EPS is unique in its size and scope. It is currently the largest EPS ever flown in space, and is still growing. Soon it will produce nearly 100 kWe of power. Since the entire EPS could never have be assembled and tested on the ground in an integrated fashion, system-level EPS assessments have been critical to the design, development and verification of the EPS. These assessments have been, and continue to be, performed entirely by analysis. Legacy power models were not sufficient for ISS, since they lacked the detail and scope needed to model the ISS. Several EPS models were developed for the ISS program for different purposes. Two models in particular, have been deemed useful for adaptation for the Constellation Program.
SPACE
System Power Analysis for Capability Evaluation (SPACE) (ref. 4) is a model developed at the NASA Glenn Research Center that has been one of the pivotal tools used to support the design, development and operation of the ISS. SPACE is a uniquely integrated power system model, incorporating a variety of modules tied together with integration/optimization routines and graphical output. The modules include orbit mechanics, solar array pointing, shadowing, thermal, and electrical performance, battery performance, and power management and distribution (PMAD) performance.
SPACE supported the ISS design phase, which required the model to predict the amount of power available for a given system configuration, spacecraft orientation, solar array pointing condition, orbit, etc. In this source-driven mode, the model must assure that energy balance is achieved-meaning that energy removed from the batteries must be restored (or balanced) each and every orbit. Alternatively, SPACE can be used in a load-driven mode to support spacecraft operations. In this mode, SPACE determines whether a given distributed, time-varying electrical load profile can be supported by the power system and determines whether the system stays in energy balance, and whether or not any system limits (voltage/current trip settings, etc.) are exceeded. This load-driven mode is used to assess each Shuttle mission to ISS, in support of the Certification of Flight Readiness (CoFR) process.
The first version of SPACE was released in 1989. Since then, SPACE development has progressed to the current version (3.3) which has been thoroughly validated against on-orbit telemetry (ref. 5) and remains in daily use to support the ISS program and its partners.
Because of the complex, articulating geometry of the ISS, shadowing onto solar arrays from other station structures is a significant issue, and so SPACE contains an integrated shadowing model. Most EPS models do not require a shadowing module, since most spacecraft are small, and are designed to fly in attitudes that minimize or eliminate shadowing. The Orion spacecraft, however, will be visiting the ISS, and thus, its solar arrays will experience similar shadowing to the ISS wings. Therefore, having a model with an integrated shadowing capability available is very useful to Orion.
EPSIM
Electric Power Simulation (EPSIM) originated out of an effort by the Glenn Research Center and Rocketdyne in 1989 to utilize electric utility software tools in the design and analysis of the Space Station Electric Power System. A commercial software product, HABITAT, was procured. This software is used to build control centers for electric utilities. It is sufficiently general in its design that it allows entirely new applications to be constructed. This was important for the Space Station because many of its subsystems are not electric utility applications. In order to model the behavior of the electric system, the effects of other systems, such as orbital mechanics, thermal, fluid/hydraulic, mechanical and structural systems need to be considered.
The power system simulation model originally constructed in EPSIM was used to support prototyping of electric power system control algorithms for requirements generation. These prototype algorithms were run in the simulation to judge their performance and provide feedback to the requirements engineers. Over time the simulation was upgraded to include more fidelity and evolved into a time-domain simulation of the electrical, orbital, thermal, fluid, structural and mechanical subsystems of the Space Station. Specialized sparse non-linear equation solvers were adopted from the electrical utility industry to solve, in real-time, the differential/algebraic equations used to model those subsystems and their coupled behavior (ref. 6) .
As the design of the Space Station progressed and requirements were translated into product code, the need arose for simulations to test that code before it was delivered to the laboratories and used with real hardware. The software test plans for the Space Station included the development of comprehensive realtime tool suites to meet that need. However the EPS software schedule was accelerated ahead of the delivery of the system tools and Rocketdyne needed an interim solution for software test and decided to use EPSIM. Rocketdyne was able to leverage the graphics, scripting and real-time tools provided by HABITAT for software test. Specialized device drivers were written enabling EPSIM to communicate with the Mil-Std-1553 cards used by the Flight Software to control the EPS system.
The engineers at the Space Station Training Facility (SSTF) were challenged by the large number of models which they had to develop to support the training of the astronauts and flight controllers. They decided to look at the models developed elsewhere on the Space Station to see if they could be leveraged for use in the SSTF-thereby saving significant time and effort. After visiting Rocketdyne they decided to use EPSIM as the EPS model in the SSTF. That is the role that EPSIM is presently filling on the ISS.
Mars Exploration Program
The Mars Exploration Rover (MER) program operates two rovers on the surface of Mars near Mars' equator, at Meridiani Planum and Gusev Crater. Originally designed for a 90 day primary mission, the rovers have been returning science data for 4 years and 4 months, as of May 2008. Electrical power is the primary operating constraint for the rovers, which have 1.3 m 2 of active solar cell area subject to up to 60 percent loss from dust. A detailed and flexible tool for modeling the load timeline was used during spacecraft development to plan each W-hr of consumption in a variety of spacecraft configurations. The MER system power analysis tool modeled the cruise phase, which used the rovers' Li-Ion batteries and a cruise stage solar array; the entry descent and landing (EDL) phase, in which Li-SO 2 primary landing batteries supplemented by thermal batteries provided most of the power; and the landed operation phase, powered by the rovers' solar arrays and Li-ion batteries. The power load database and timeline generation tool used during MER's development saw some use in operations as a means of performing quickturnaround analysis, and part of it fed into the MER operational planning tool, APGEN. The load timeline analysis tool has been modified and extended for use on Orion.
As the MER rovers were the first planetary exploration program to use Li-Ion batteries, the program performed a comprehensive battery test program to provide a large volume of characterization data for an empirical battery model used during development and in operations. The MER rover batteries operate over a temperature range spanning from approximately -20 °C to 30 °C, and the entire range was characterized in the battery test program. Special discharge profiles provided extra information characterizing the behavior at low charge and discharge rates. The result is a battery model that has been proven to model the MER batteries with typical voltage prediction within 0.1 V over a wide range of temperature, state of charge, and charge rate. This model is still in use in MER operations, modified to account for the effect of long-life degradation.
Adapting Heritage Models for Constellation Updating Existing Models
Mission Timelines
The load timeline development tool used on MER has been directly applicable for Orion. As shown in figure 2 , it consists of several parts: The Power Equipment List (PEL) is a database of the voltagedependent load characteristics of each functional load. The subset definition database is used as a filter to select load subsets of interest for reporting load subtotals. This feature is used to track power consumption by subsystem, spacecraft module, current sensor, and thermal node, among others. The mode definition database is used to define groups of load states that correspond to different spacecraft configurations, for easier input into the analysis. The load state timeline defines the load state changes as a function of time. State transitions of individual items as well as mode changes are captured here. The state history worksheet stores the state of every power consuming item on the spacecraft, at every time step in which there is a load transition.
The load timeline tools are combined into a system power analysis workbook, which is hosted in Microsoft Excel (Microsoft Corporation) for easy collaboration among the teammates, and is used by Orion with little modification. The system power analysis workbook was extended by Orion to include a bus voltage solver based on I-V curves. 
Environments
Neither the ISS nor the Mars power system models were originally designed for a lunar mission, so adding the appropriate lunar orbit environment was a key required enhancement in order to model the Orion power system. Although, compared to Earth or Mars orbits, most of the spacecraft environmental parameters (radiation, micrometeoroid, plasma, etc.) differ at the Moon; it is the orbital thermal environment that is most unique and most important for power system models. Solar array performance is a strong function of temperature, with performance typically decreasing with increased temperature. The lunar surface is highly emitting (emissivity >0.9) and thus an orbiting spacecraft experiences a very large infra-red heat flux from the surface during orbits with low solar β angles. Fluxes greater than 1200 W/m 2 are possible, which can result in solar array temperatures exceeding 100 °C. Thus the models had to be updated to properly predict the thermal interactions with the lunar surface.
Orion also is designed for LEO missions to the ISS, and will spend up to 4 days loitering in LEO prior to injection onto a trans-lunar trajectory for lunar missions. Therefore, power system models must be able to predict the solar array temperature and performance in all three environments: LEO, cis-lunar space, and LLO; and should be able to transition seamlessly between the various environments within one analysis, in order to predict the performance over the entire mission timeline.
Solar Array
Heritage solar array models include those for the LEO ISS solar array wing (SAW) incorporated into SPACE and EPSIM. The ISS SAW has flexible panel blankets populated with silicon solar cells, operates at 160 Vdc and employs one silicon by-pass diode for each group of 8 series connected solar cells. By contrast, the UltraFlex wing, for Orion and lunar surface applications, is comprised of open-weave mesh gores populated with state-of-the-art triple junction solar cells and operates at low voltage (32 Vdc). Each solar cell has a by-pass diode and solar cell strings are paralleled together to form higher current level electrical segments. For launch, the gores are fan-folded between rigid panels with solar cell protection provided by foam strips bonded to the gore back side.
Solar array electrical performance model updates for Constellation Program applications include revised power harnessing voltage drop, revised gore/solar cell thermal model, revised solar cell current response to planetary albedo and Earth umbral illumination, discrete silicon or monolithic gallium-arsenide (GaAs) bypass diode voltage drop, and several revised performance loss factors.
ISS wing strings are routed to the sequential shunt unit regulator and string pairs share common returns. For Constellation UltraFlex wing applications, the low operating voltage leads to hundreds of solar cell strings that must paralleled into higher current electrical segments more practical for harness design. Models were updated for the UltraFlex wing to calculate separate resistive voltage drops for the low current string wiring and high current segment harnessing routed back to the solar array switch module.
The ISS solar cell thermal model is comprised of 3 nodes to account for front and back surface radiant boundary condition and conduction paths between the solar cell and panel. For Constellation UltraFlex modeling, the solar cell must be modeled with 4 nodes to account for conduction paths and radiant boundary conditions. Unlike the ISS thermal model, the UltraFlex solar cell front nodes must be modeled to receive front side and backside radiant boundary conditions due to the open-weave mesh substrate that exposes the solar cell backside.
ISS silicon cells have less spectral performance sensitivity compared with Constellation mission triple junction cells with each sub-cell spectral response carefully controlled to produce equal current under the Air Mass Zero (AM0) solar spectrum. As such, planetary albedo illumination current production must be modeled using light intensity and spectrum corrections factors. The Earth or Moon spectral albedo correction factor is calculated by integrating the solar spectrum with the planetary spectral albedo and the solar cell spectral response. Earth albedo is spectrally similar to solar illumination and hence provides a correction factor of 1. Lunar albedo spectrum is blue depleted and leads to a correction factor of 0.625 (due to top junction current limiting). For Orion lunar outpost missions or lunar surface missions, UltraFlex solar arrays will experience multi-hour long lunar eclipse lighting as the Moon transits the Earth's penumbra and umbra. Earth's penumbra is modeled as AM0 illumination that varies from 1 Sun to 0.017 Suns. Umbral illumination is red-biased (highly refracted through Earth's atmosphere) and results in a spectral correction factor of 0.022. This low intensity, red umbral lighting results in essentially no current production from triple junction solar cells.
The solar cell string current-voltage (IV) curve under shadowing conditions is calculated based on the contribution of unshadowed and shadowed solar cells. The latter contributes a voltage drop from the active by-pass diode that is modeled as a 0.7 V drop for silicon diodes and as a 1.7 V drop for an epitaxially grown GaAs monolithic diode. Shadowed wing current loss is larger for solar cell strings with monolithic by-pass diodes with greater voltage drop compared to those with silicon diodes. Wing current loss factors were calculated for Constellation UltraFlex wing spar self-shadowing as a function of sun offpointing angle. Using geometric modeling, solar cell shadow fractions were calculated to determine the shadowed IV curve for each solar cell string and the resulting current loss at the string nominal operating voltage. Industry standard solar cell equivalent radiation dose calculation models (refs. 7 to 9) were run for the Constellation UltraFlex wing application in LEO mated with ISS (trapped electron and proton environments) and in LLO for lunar outpost missions (solar flare proton environment). Results showed that the LLO solar flare proton environment led to the higher value of equivalent dose compared to the ISS LEO trapped radiation environment. For Constellation UltraFlex lunar surface applications, lunar dust coverage is a degradation mechanism that must be modeled. Solar cell current loss is modeled using empirical data for current output versus dust areal mass loading (ref. 10). Lastly, because Constellation UltraFlex wings must safely operate beyond LEO in a sparse space plasma environment, the risk of differential charging and damaging electrostatic discharges (ESD) is high. To redress this ESD risk, solar cell coverglasses will incorporate a weakly conducting coating to bleed off charge. However, this coating changes the coverglass spectral transmittance and hence, the solar cell IV performance. Conductively coated coverglass spectral transmittance curves were obtained and convolved with the bare solar cell spectral response to calculate the glassing current and voltage loss factors under AM0 illumination.
Batteries
The Li-Ion battery model used for Orion is based on a comprehensive set of characterization data from the Mars Exploration Rover program, scaled for the larger Orion batteries. The original data (ref. 11) are shown in figure 3 , with voltage as a function of charge rate, state of charge, and temperature (color).
In each charge cycle (positive charge rate), the battery was charged at a constant current until the voltage reached 4.1 V, at which point the voltage was held constant and the charge rate was allowed to taper down to C/100 (1/100 times the battery capacity). Likewise, some discharge cycles had a taper discharge in which the voltage was held constant at 2.75 V at the end of the discharge, with the discharge rate allowed to taper. This tapered discharge provided valuable cell data at low discharge rates for the data reduction, and allowed subsequent charge cycles to begin with a lower state of charge.
For some test cycles, particularly for high rates at low temperatures, the cell temperature varied significantly during the run, as shown in figure 4 , which shows an example for one discharge rate, with the test data points in blue, superimposed on a mesh surface fit derived from this data.
The surface shown in figure 4 was used to adjust the test data to compensate for the temperature variation during each cycle. The resulting temperature-compensated data was then used, along with the taper-charge data, to derive surfaces for voltage as a function of state of charge, current, and temperature. One example of these surfaces is shown in figure 5 , with the test data superimposed in blue.
In contrast to MER's 10 A-hr batteries, Orion has baselined 55 A-hr batteries, so scaling is required. Scaling the current and state of charge according to the capacity ratio over-estimates the battery internal resistance, based on the comparison with data for the larger cells. However, with the internal resistance adjusted by an additional factor, the scaled battery model has an excellent comparison with measured cell data. 
Electrical System
The Orion spacecraft has a Service Module (SM) and a Crew Module (CM). The primary electric system of the SM has two solar array wings (SAW), two Main Bus Switching Units (MBSU) and four batteries. The primary electric system of the CM contains two MBSUs and six batteries. Each MBSU has two separate bus bars. There are four umbilical cables feeding the CM MBSU bus bars from the SM MBSU bus bars. Connections for Ground Support Equipment (GSE), a Power Transfer Unit (PTU) and a docking system are provided. The primary systems feed secondary harnesses powering approximately 500 individual loads with a total load demand of 4 kWe. Thus the Orion electrical system is more than 10 times larger than the MER electric system, which has a load demand of 0.3 kWe; and 25 times smaller than the ISS, which has a load demand of 100 kWe. An overview of the Orion primary electric system is shown in figure 6 .
Model-to-Model Validation
One common difficulty in utilizing models early in a spacecraft development cycle (e.g., prior to Preliminary Design Review) is that few actual test data are available with which to anchor model predictions. Therefore, significant uncertainty factors must be applied, prior to test data becoming available. One way to reduce that uncertainty is to compare the results of more than one independentlydeveloped model. Although that does not eliminate errors that might result from incorrect predictions of how a given component might perform, it does help ensure that, at the system level, the models are behaving correctly and incorporate all the important effects due to environments, operating conditions and lifetime. Note that this technique is only really valuable if the models are indeed independently developed, where different algorithmic choices might be made in solving for some critical parameters, and it is less likely that similar mistakes would be made in each model. If the models are not independently developed, there is somewhat greater risk that the models could have propagated a similar error that model-to-model comparisons will not find. Given that three independently-developed models are available for Orion this methodology was chosen to help validate the models' predictions.
Methodology and Cases
The strategy adopted for validating the performance of the three models was to run them under identical conditions and compare the results. A modeling Technical Interchange Meeting (TIM) was held to obtain agreement on the values of the important modeling parameters. The results of that meeting were documented in a CEV Sizing Parameters spreadsheet, maintained by Glenn Research Center. These parameters included definitions of the environment conditions encountered by the CEV (e.g., radiation fluence, and albedo and infra-red fluxes); sizing and performance values for the solar arrays (e.g., solar cell performance and degradation factors) and batteries (current-voltage characteristics); the transmission network (cable lengths and gauges) and the electrical loads themselves.
A sample extracted from the CEV Sizing Parameters spreadsheet is shown in table II. Note that in many cases the parameters will differ between the LEO mission to the ISS, and the lunar mission, and therefore two sets of parameters must be maintained for each model.
Because of the numerous variables that must be calculated properly by a properly-functioning power system model, numerous different comparisons must be performed to exercise all features of the models. Therefore, the following list of cases was selected for comparison:
(1) Predictions of insolation/eclipse times for LLO and LEO orbits as a function of the solar beta angle (β) (2) Solar array performance for LLO and LEO orbits for various βs and insolation intensities (3) Solar array shadowing patterns for LLO orbits, LEO orbits and for Orion docked at the ISS (4) Solar array voltage, current, and temperature; battery voltage, current, SOC; and system losses for ISS and lunar mission scenarios.
(5) Solar array gimbal positions necessary to track the sun for LLO and LEO orbits for various βs (6) Battery voltage profiles for different charge/discharge conditions
Summary Results of Comparisons
Each of the three power system models was updated appropriately for the Orion EPS architecture and the appropriate orbital environments in LEO and LLO orbits. Each of the three models was then executed in turn, and the time-varying results were generated. Unfortunately each model produces its outputs in a slightly different format, at differing time intervals, so a simple direct comparison of results is not possible. Therefore, all the model results were imported into a large Microsoft Excel Workbook so they could be examined side-by-side. The timing of the results from each model was adjusted to synchronize them to a common time datum, and then the results were plotted for comparison. Initial comparisons showed some differences between the models, and modeling reviews identified the sources of the discrepancies so they could be corrected. Most of the differences were due to incorrect application of input data unique to the Orion mission. The results shown below are after correcting the input data errors. Solar array performance is the most critical parameter for Orion, since the solar arrays must generate all the energy that Orion systems will require throughout the mission. Therefore, a great deal of time was spent comparing solar array performance estimates. As mentioned above, the lunar thermal environment is a stressing environment for the solar array due to the high thermal fluxes from the lunar surface. Figure 7 shows how the temperature predictions compare among the three models for the hottest lunar case. The plot shows the temperature versus time for the insolation period of a single orbit, where the solar beta angle is 0°.
The three models all predict similar shapes for the temperature curves. SPACE predicts the highest temperature of 104.6 °C, and the maximum difference in peak temperature between the three models is only 1.3 °C. The average temperature throughout the sun period is matched to within 0.1 °C between EPSIM and SPACE, while the average temperature predicted by the Mars tools is approximately 3 °C higher. This larger discrepancy is because the Mars tools use an arithmetic, or steady-state, thermal model which does not capture the large temperature gradient at the beginning of insolation. The other two models use a transient thermal model which properly predicts that slope. This difference is not of concern because that time period is short and does not appreciably affect the overall energy production from the solar array. The slight difference between SPACE and EPSIM in the shape of the curves can be explained by different algorithms used to calculate the infra-red heat flux off the lunar surface. Despite the different algorithms used, the average and peak temperatures match within an expected error band. Given that the three independent models predict very similar temperatures, the Orion project can have confidence that solar array thermal performance is being properly modeled. Figure 8 shows the current generated by the solar array wings at the peak power point. The results are presented in a normalized matter (where 1.0 = maximum current predicted by any of the three models) because the precise solar array design and size was not available at the time this analysis was performed.
As with temperature, all three models predict similar shaped curves. Peak current differences are less than 2 percent. Any difference in temperature between the models will translate to a corresponding difference in current, and so some of this 2 percent difference is due to the temperature models. The fact that the three curves are all offset from one another, in contrast to the temperature curves, which cross, indicates that there are some other systemic differences between the models. Those further differences are still being investigated, but have not been identified at the time of the writing of this paper. However, the fact that the difference is less than 2 percent is good evidence that all three models are predicting the current reasonably and have no large undetected errors.
Similar consistent comparisons were seen for voltage, further corroborating that the three models are behaving as expected. Cases were also run for other solar beta angles, and for LEO orbits as well, all of which show similar results. This confirms that the variation in orbital environments is correctly modeled in all three cases. Comparisons of battery performance predictions is future work which has not yet been completed.
Conclusions
By leveraging power system models developed for past programs such as the International Space Station and the Mars Exploration Program, the Constellation Program has been able to rapidly develop detailed power system modeling capabilities. Three such models are being utilized to help design and analyze the Orion power system. The extensive heritage of these models, increases confidence that the performance estimates are reasonable, and provides a means to obtain detailed analysis results at a very early stage in the spacecraft development.
Comparing the results of three independently-developed models provides one means of validating model prediction, prior to test data becoming available. Comparisons to date between the three models has yielded excellent agreement on solar array temperature and electrical performance predictions. Work continues comparing solar array shadowing and battery performance to help validate the complete power system model suite.
